Abstract: In a series of papers (ref. [1][2][3][4][5][6][7][8][9][10][11][12][13] we have recently elaborated the concept of "response reactions", in order to interpret and rationalize the changes taking place in multipleequilibrium systems, when the control parameters (pressure, temperature, initial amounts of substances) are altered. The concept helps to interpret certain unusual phenomena -frequently encountered in multiple-equilibrium systems -by decomposing the sensitivity coefficients in a linear way into terms uniquely assigned to response reactions. It has also been shown that the "configurational" or "relaxational" part of many important first derivatives in chemical t hermodynamics may be expressed as a sum of terms, assigned to response reactions. The concept of response reactions opens a new way to formulate the change of the thermodynamic potential functions in terms of affinities. As a result, coupling between reactions appears in a natural and straightforward manner. The equations derived may be extended into the domain of irreversible thermodynamics.
Introduction
There are two equivalent approaches to describe a reacting chemical system. The first is the original Gibbs formulation (ref. The presentation in this article is based on examples, in order to reveal the "chemistry" behind the sometimes complicated mathematical expressions, given in full detail in our previous papers. As an example we consider a homogeneous system containing CHI, HzO, CO, COZ, and Hz, at 1000 K. 
Denote the initial amount of the i-th species by ny and its equilibrium amount by n:. The total amount is denoted by nFot = En: at equilibrium and by nyot = En: in the initial state. Then the following two systems of equations may be used to calculate the composition of the equilibrium state at a given total pressure Ptot. The Gibbs approach: supplemented with the elementary abundance (mass-conservation) conditions:
for carbon: for oxygen: for hydrogen:
We have five equations and five unknowns, their solution IS a standard numerical procedure.
The second possibility is to employ the De Donder approach:
Here we have two equations and two unknowns, the solution of which is also straightforward
The two procedures are equivalent, as far as the calculation of the equilibrium composition is concerned. When using De Donder's method, the mass-balance conditions are involved in El and E 2 . The difference between the two approaches becomes transparent if we consider the linear transformation of the equations (1) and (2). Any -linearly independent -combination of these equations may be used in case of the Gibbs approach; the latter three equations (mass-balance) will always be the same, and the same quantities (n,") are calculated. 
Extents of reactions
In case of a single reaction, the change of the extent has two different meanings:
( is a mathematical tool for taking into account the mass balance;
means that v;[ is the amount of the i-th species, transported between the two sides of the stoichiometric equation, where vi is the respective stoichiometric number (negative for reactants and positive for products).
The shift of the extent of a single reaction when the control-parameters are changed is unequivocally determined by the Le Chatelier principle.
The situation which we encounter in multiple-equilibrium systems is also illustrated through the example chosen:
It is evident that the extent of the first reaction at equilibrium state must be the change in the amount of CO, as this species is missing from the second equilibrium. Similar reasoning applies for the extent of the second reaction at equilibrium. It is interesting to realize, that the extent of a given reaction is determined by the species which is missing from the other! Any two (independent) linear combinations of the equations (1) and (2) may serve as a set of SIRS of the same system, for instance:
Ii'' = 26.12 ; AH? = 225.39 k J mol-' ; t1 = nEH, -n&H,
It is seen that the extent of reaction (1) depends on the second reaction chosen and not 011 its own characteristics. It may be stated, therefore, that in multiple-equilibrium systems the concept of "extent of reaction" is a useful mathematical tool for book-keeping purposes, but its second meaning is lost. Consequently, without performing a full-scale numerical calculation, we are unable to predict how the extents are shifted by changing the control parameters.
Sensitivity coefficients in multiple-equilibrium systems
Taking reactions (1) and (2) -for example -one can easily see that in each of them the sign of the sensitivity coefficient anH,o/dT is negative. In view of this one would be inclined to predict that their joint effect has the same sign (H2O is on the reactant side of both endothermic reactions). Let us compare this prediction with results depicted in Figure A similar consideration shows that if the reactions (1) or (2) are regarded individually, then the sign of dnH,o/dP must be positive. Moreover, it may be concluded that at very low pressure, in each reaction n H z O should approach 0. The respective joint effect is seen in Figure 2 , exhibiting just the opposite features: a non-zero and constant amount of water at low pressure and its decrease at high pressure.
Let us try to predict the pressure-dependence of nHzo if the system is described by the following two equations, derived from (1) and (2) by simple linear combination:
COz + Hz + CO + HzO (3) and (4) (1) and (2) are equivalent to equations (3) and (4) if our aim is calculating the equilibrium composition. If, on the other hand, we want to understand the behaviour of t h e system, i.e., if we want to know how the equilibrium is shifted by changing a control parameter, none of t h e m gives correct result. In some pressure range the system behaves as if equilibria (1) and (2) would be valid, whereas and in some other range as if equilibria (3) and (4) prevail. One may find a number of similar phenomena, namely that the response of a multiple-equilibrium system cannot be rationalized by considering the expected response of the reactions selected to carry out the calculations. In particular: effect is, however, just the opposite (example given in this paper).
It may be stated that the behaviour of multiple-equilibrium systems is unpredictable. As far as .sensitivity coefficients of multiple equilibrium systems are concerned, we can calculate everything, but we do not understand anything.
Response reactions
In view of the above examples, the most important task is to identify the reactions responsible for the response of a multiple-equilibrium system when the control parameters are changed. Detailed mathematical analysis (ref. 1-9) of the Hessian matrices of the Gibbs functions, defined in terms of the amounts of species, in terms of the extents of reactions, in terms of mole fractions of the species, and the use of Binet-Cauchy formula (ref. 18) led us to the definition of response reactions. The response reactions have the remarkable property that all conceivable sensitivity coefficients are sums of terms uniquely associated with them. In other words -as far as their sensitivity is concerned -multipleequilibrium systems behave as if their thermodynamic properties were simple linear conibinations of pertinent contributions coming from individual reactions. Instead of the complica,ted definition of response reactions, we present here an algorithm for their derivation from the stoichiometrically independent reactions. The algorithm reads as follows:
0 Choose m -1 species which are missing from the given response reaction.
0 Construct q -m + 1 identical m x ( m -1) matrices, containing the stoichionietric coefficients of the m -1 missing species in the m stoichiometrically independent reactions.
0 As a last column, add to these matrices, one-by-one, the stoichiometric coefficients of the q -m + 1 remaining species. By this, ( q -m + 1) distinct square matrices of order m are constructed.
0 Calculate the determinants of these matrices. The resulting numbers are the stoichiometric coefficients of the species by which the respective m x ( m -1) matrices were supplemented.
Repeat the above procedure for all possible choices of m -1 species. The resulting (&)
Carrying out the algorithm for the above example, we arrive at the following set of response reactions (the missing species are denoted in brackets):
reactions are the response reactions. It should be stressed again that for any thermodynamic calculation, any two of the five reactions are sufficient, the remaining three equilibria being redundant. If however, we want to interpret the behaviour of the system, then it is necessary to take into account all response reactions. Figure 3 shows the distribution of the species i n our example, together with the decomposition of driH20/i3T. 
I . NAGYPAL e t a / .
Comparison of the distribution of the species with the decomposition shows that CH4 is -practically -missing at low pressure. Therefore response reaction (1) is the dominant one, leading to positive dnH,o/dT. (Water is on the product side of an endothermic reaction.) Parallel with the formation of methane by increasing pressure, the role of response reactions (3) and (4) becomes more and more important. Both of them are acting in opposite direction. This leads to the decrease of the coefficient and in a narrow range causes the change of its sign. Finally at high pressure, where Hz is practically missing, response reaction ( 5 ) dominates, where the water is on the reactant side of an exothermic reactions. Therefore dncl,o/dT becomes positive again. Note that the response reaction (2) has no effect as water does not participate in it. In a completely analogous way, it is easy to interpret the rather complicated change of n~, o as a function of pressure (Figure 2 ) .
In addition to providing a simple means for interpreting the sensitivity coefficients of multipleequilibrium systems, the response reactions have the following noteworthy characteristics:
They are defined by (m-1) "missing species".
Their number is always
The number of linearly independent response reactions is equal to the number of SIRs (ref. 7).
Any starting set of SIRs results in the same set of response reactions (ref. 7 ) e The coupling between response reactions appears in a natural, unambiguous manner and it
The participating species may be "latent", i.e., the above algorithm might yield zero stoichio- 
G e o m e t r i c r e p r e s e n t a t i o n
In case of three-component systems, the composition of the participating species may be characterized on a usual triangle diagram, as it is illustrated in Figure 5 . The thick solid lines on Figure 5 outline that range of composition -in terms of mole fractions of the three components -which may be composed from the given species. The dotted lines drawn between two species show the composition which may be achieved by mixing them. The points of intersections correspond to chemical reactions between the four species involved. Every point of intersection determines a response reaction, the numbers at these points refer to the serial number of the response reaction in the previous example. This representation convincingly suggests that -as far as the response of the system is regarded ~ all the five reactions must have an effect on it, even if any two of them are sufficient for calculations. 
